INTRODUCTION
The ability of parasites to cause behavioural changes in the host has been observed in a variety of host-parasite systems. These behavioural changes are considered to be adaptive for the parasite, since they may enhance the transmission of parasites between hosts and/or the probability that the parasite gets released in an appropriate location [1, 2] . In trophic transmission cycles, the parasite often modifies the behaviour of the intermediate host in a way that enhances the possibility of the intermediate host to be preyed upon by the final host [3] . For example, rodents that are infected with Toxoplasma gondii show increased exploratory behaviour, activity and aggression, which makes them more conspicuous to the definitive host, the cat (Felis catus) [4, 5] .
The relationship between parasites and their hosts implies complicated biochemical coevolution. In many cases, the parasites are thought to secrete chemicals or induce the production of behaviour-altering chemicals in the host. Tapeworms from the family Taneidae, for example, can use host-synthesized cytokines as indirect growth factors for themselves [6] . Taneiids have also evolved structures that are similar to the steroid and peptide hormone receptors of higher vertebrates with binding properties and terminal effects similar to the hormonal metabolites synthesized by the host [6] .
Taenia taeniaformis is a helminth parasite that is mostly found in the intestine of cats [7] . Rodents serve as intermediate hosts and are infected when ingesting the ova of T. taeniaformis from contaminated food or bedding. Taenia infections in rodents are considered to be clinically asymptomatic and 'harmless' [7] .
A reduction in appetite is a common characteristic of many diseases [8] . Several inflammatory cytokines such as the tumour necrosis factor (TNF) and inteleukin (IL)-1 are associated with inflammatory conditions and can induce anorexia and loss of lean body mass. According to Sarraf et al. [8] , administration of TNF and IL-1 in mice increases serum levels of the hormone leptin, which inhibits both appetite and adiposity. This suggests that leptin levels may be one mechanism by which disease anorexia is induced during acute inflammatory conditions. Peptides, such as leptin, neuropeptide-Y (NPY) and ghrelin are well-known substances involved in the regulation of appetite. Leptin is mainly produced by white adipose tissue and circulates in the blood in levels proportional to the fat mass. Both central and peripheral administration of leptin inhibits appetite and adiposity [9] . Ghrelin is produced in the stomach and intestines and a similar administration of it stimulates appetite and adiposity [10] . A large part of the opposing effects of leptin and ghrelin are mediated by NPY that either increases or decreases the expression of these hormones [9, 10] .
In the present study, we investigated whether the parasitic larvae of T. taeniaformis manipulate the levels of appetite-regulating substances in their host. From an evolutionary perspective, such manipulation would be adaptive for T. taeniaformis larvae, whose future reproduction requires that their intermediate host is predated by final host, the cat, to manipulate the appetite of the intermediate host, in this way making it more explorative and conspicuous to cats.
METHODS
Yellow-necked mice were caught by snap-traps around the city of Uppsala in Sweden. The corpses of the mice were weighed, measured and opened, and blood samples were collected around the heart. Samples were centrifuged and the serum preserved at 2708C. Serum samples from 14 adult reproductively active male mice infected with the parasitic larvae T. taeniaformis (displaying one single parasitic cyst) and 14 uninfected male mice were used to determine the plasma hormone levels. Mouse leptin (EZML-82K), NPY (EZRMNPY-27K) and ghrelin (EZRGRT-91K) ELISAs (Millipore, Billerica, MA, USA) were used to determine the plasma levels of hormones (results shown in the electronic supplementary material, 'raw data').
We tested for measurement error by using two samples from the same individual. Measurement error was then estimated through a one-way ANOVA with individuals as a random effect. With this approach, the within-individual (error) variance component is an estimate of the measurement error [11] . We present measurement error as the percentage of total variance.
When we tested for differences in mean hormone levels, we used a one-way ANOVA with body mass as a covariate. Since the relationship between leptin and body mass differed between the groups (see below), we used a separate-slopes model for this analysis and a model assuming homogeneity of slopes for NPY and ghrelin. We tested heterogeneity in variances and the normality of the within-group residuals and found no deviations; hence the assumptions of the test made are met.
RESULTS
The measurement error was low for all three hormones (leptin 4.6%, NPY 2.3%, ghrelin 2.8%). Uninfected mice tended to be heavier than infected ones (F 1,28 ¼ 4.07, p ¼ 0.053; figure 1a); they also demonstrated significantly higher plasma leptin levels than infected mice (F 1,26 ¼ 10.25, p ¼ 0.0036; figure 1b), and tended to have lower levels of NPY (F 1,26 ¼ 3.59, p ¼ 0.069; figure 1c ). There was no significant difference in levels of ghrelin (F 1,26 ¼ 2.29, p ¼ 0.14, figure 1d ). The levels of leptin were not correlated with the levels of NPY in the uninfected mice (r ¼ 0.18, p ¼ 0.54; table 1), but the two hormones were significantly negatively correlated in the infected mice (r ¼ 20.51, p ¼ 0.044; table 1). The levels of leptin were strongly correlated with body mass in the control group (r ¼ 0.84, p , 0.001), but not so in the infected group (r ¼ 0.023, p ¼ 0.39; table 1). This difference in correlation can be seen as a significant interaction between groups and covariate in the separate-slopes ANOVA (F 2,26 ¼ 12.81, p ¼ 0.00013). The difference between the two groups with regard to the relationship between leptin, NPY and body mass is shown in figure 2 . Since body mass is affected by structural components and by body fat content, we made a regression of body mass on body length and used the residuals as the dependent variable (r ¼ 0.61, p , 0.001, n ¼ 30, no differences between the groups). There was a strong positive relationship between leptin levels and the residuals in the uninfected group (r ¼ 0.80, p ¼ 0.001), but not in the infected group (r ¼ 0.27, p ¼ 0.31, test of difference, p ¼ 0.055). There were no significant relationships between residuals and levels of NPY or ghrelin in either group.
To get a more complete picture, we performed a principal components analysis for each group. The first (table 2) . However, the leading eigenvector summarizing the pattern of correlations revealed large differences between the two groups (table 2). In the uninfected group, all parameters had positive loadings, meaning that heavy mice, in general, had high levels of hormones. In the group of infected mice, however, heavy mice had high levels of leptin but low levels of NPY and ghrelin (table 2) . The secondlargest eigenvector mirrored the differences in the first eigenvector insofar that in the uninfected group this vector describes individuals that are heavy with high levels of leptin but with low levels of NPY and ghrelin, whereas in the infected group the second vector describes individuals that are heavy and tend to have higher levels of the hormones. The same result was obtained when using the residuals from the body mass-body length regression instead. Leptin, a tool of parasites? M. Lõ hmus et al. 851
DISCUSSION
In the present study, infected mice demonstrated lower average plasma levels of leptin and a tendency to higher plasma levels of NPY than uninfected mice; consequently, it is possible that infected rodents have higher levels of hunger and are more likely to show behaviours that make them more conspicuous to the predators than uninfected animals [12, 13] . The infected group also tended to be lower in mass than the uninfected group, implying a possible effect of the parasite on the energy deposits and partly explaining the lower leptin levels. However, the classic positive correlation between leptin levels and body mass, apparent in uninfected animals, had disappeared in the group of infected animals, implying a possible effect of the parasite on leptin secretion. The levels of ghrelin were not influenced by the parasitic infection; however, as the levels of ghrelin are strongly influenced by food intake [14] , it is possible that the differences in time after last meal between tested animals were too great to let us detect any robust trends in the plasma levels of ghrelin. In order to persist, most parasites must evolve physiological pathways that allow them to interact with host physiology, including immunity. As a consequence many parasites have evolved the ability to manipulate the immune response of their hosts. Cytokines and chemokines are strongly involved in both innate and adaptive immune response. Not surprisingly, helminths have evolved many strategies to interfere with the neuroendocrine and immune systems of their hosts [15] . Leid & McConnell [16] showed that the larval stage of T. taeniformis is able to produce prostaglandin E 2 , which is known to inhibit the production of the cytokine IL-12 and in this way act as a TH 2 -cell promoting factor. Prostaglandin E 2 also depresses the efferent migration of skin Langerhans cells to the draining lymph nodes and thereby inhibits an important step in the initiation of immunity [15] . This process could be one explanation for the lack of disease anorexia following the infection with the larvae of T. taeniaformis in our study, but it does not explain the observed decrease in the plasma leptin levels.
Optimality models predict that hungry animals should be more willing to take risks than satiated individuals [12, 13] . Consequently, from an evolutionary perspective, it would be more adaptive for a parasite with trophic transmission cycles to stimulate appetite in its intermediate host in a way that enhances the possibility of the intermediate hosts to be preyed upon by the final host. From this study, it seems likely that the changes in levels of appetite-regulating substances in infected mice could serve to increase the transmission from the intermediate host to the final one.
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